OPINION Impact of stress and stress physiology during pregnancy on child metabolic function and obesity risk
INTRODUCTION
Substantial evidence in humans and animals suggests that conditions during intrauterine life play a major role in shaping not only all aspects of fetal development and birth outcomes but also subsequent newborn, child, and adult health outcomes and susceptibility for many of the complex, common disorders that confer the major burden of disease in society (i.e., the concept of fetal, or developmental, origins of health and disease risk) [1, 2] . This concept is rapidly gaining acceptance as a more comprehensive approach than that of genetic causation alone in understanding the cause of many complex common disorders, including obesity and its comorbidities. Several intrauterine conditions have been identified as risk factors for obesity and metabolic dysfunction in the offspring, including maternal obstetric complications (diabetes, hyperglycemia), maternal undernutrition or overnutrition, and unhealthy maternal behaviors such as smoking. This paper advances a framework and reviews empirical evidence from animal and human studies that highlights the role of intrauterine stress and stress biology in this context. We discuss putative stress-related maternal-placental-fetal endocrine and immune/inflammatory candidate mechanisms that may mediate the effects of several different clinical or behavioral risk factors during pregnancy on the developing human embryo and fetus, with a specific focus on body composition, metabolic function, and obesity risk.
ROLE OF INTRAUTERINE STRESS IN THE CONTEXT OF FETAL PROGRAMMING
The rationale for considering a role for stress and stress biology in fetal programming of child and adult obesity and metabolic dysfunction derives, in part, from concepts in evolutionary biology, particularly developmental plasticity, life history theory and maternal-fetal conflict theory [3] . Based on the consideration that key environmental conditions that have shaped natural selection and provide cues for developmental plasticity include not only variation in energy substrate availability (i.e., nutrition) but also challenges that have the potential to impact the structural or functional integrity and survival of the organism (i.e., stress), it is likely and plausible that prenatal stress represents an important aspect of the intrauterine environment that would be expected to influence many, if not all, developmental outcomes [3, 4] . Moreover, we submit the application of a prenatal stress framework offers an excellent model system for the study of intrauterine development and associated developmental, birth, and subsequent health-related phenotypes because it is increasingly apparent that the developing fetus acquires and incorporates information about the nature of its environment in part via the same biological systems that in an already-developed individual mediate adaptation and central and peripheral responses to endogenous and exogenous stress (i.e., the maternal-placentalfetal neuroendocrine and immune systems [3] ).
Obesity and metabolic dysfunction are complex, multifactorial outcomes. Major risk categories include sociodemographic, genetic, obstetric, nutritional, behavioral, psychosocial, and other environmental factors. Studies of the effects of stress and stress-related processes on these outcomes generally treat other risk factors as potential confounding variables and attempt to adjust for their putative effects by either study design (subject selection criteria) or statistical adjustment. However, it is probable that causation of complex disorders does not reside in any single factor or in the additive effects of numerous factors, but lies at the interface between multiple risk factors (interaction, or multiplicative effects [5] ). We have previously illustrated this in the context of the potential interactive effects between stress and nutrition [3] . For example, several experimental studies in humans support the notion that acute stress (e.g., exposure to laboratory-based stressors or endocrine stress analogues) affects both food choice and food intake behavior [6,7,8 && ]. In the context of depression (a stressrelated disorder) it has been suggested that cortisol and insulin may stimulate ingestion of energy-dense comfort food, which then protects the hypothalamic-pituitary-adrenal axis from stress-induced dysfunction and associated symptoms of anxiety and discomfort (i.e., 'emotional eating', reviewed in [8 && ] ). Despite the plausibility of stress-nutrition interaction effects in the context of human pregnancy we are not aware of human studies to date that have examined these potential interactive effects during pregnancy on offspring body composition and metabolic function.
STRESS-RELATED MATERNAL-PLACENTAL-FETAL ENDOCRINE AND IMMUNE PROCESSES AS POTENTIAL MEDIATORS OF FETAL PROGRAMMING OF HEALTH AND DISEASE
The fetal programming hypothesis has led to the search for underlying mechanisms by which disparate intrauterine insults exert a multitude of effects on different physiological systems in the offspring. We suggest that stress-related maternal-placentalfetal endocrine and immune processes in gestation constitute an attractive underlying common candidate mechanism because they act as a sensor, transducer as well as effector of stress. They are responsive to many classes of intrauterine perturbations (sensor); they act as a conduit of cues about the stress-related milieu between the maternal and fetal compartments (transducer); and they act directly on multiple targets of fetal programming in the brain and peripheral systems (effector) [1, 3] . Unlike exposure to toxins and teratogens, it is important to appreciate the fact that maternal-placental-fetal hormones and cytokines play an essential role in orchestrating key events underlying cellular growth, replication, and differentiation in the brain and
KEY POINTS
Recent evidence suggests that severe stress experience during pregnancy may impact the developing fetus to produce increased susceptibility for childhood and adult obesity, and alterations in metabolic function. Therefore, to prevent complex common health disorders, more emphasis should be placed on the well-being of women of reproductive age prior to conception and across gestation, in order to more effectively address health-related and disease-riskrelated issues in their offspring.
More research is needed on the effects of intrauterine stress exposure on child metabolic function and obesity risk, using a multilevel approach, to develop specific diagnostic and primary or secondary intervention strategies in this area. peripheral tissues [3] . Thus, perturbations in the level and/or time of exposure of these biological effectors are likely to produce alterations of normal structure and function.
As previously described, stress biology refers to the set of biological adaptations in response to challenges or demands that threaten the stability of the internal milieu of the organism [1, 3] . The nervous, endocrine, immune, and vascular systems play a major role in adaptations to stress. A critical goal and end result of these adaptations is to redistribute the allocation and utilization of energy substrate across different tissues and organ systems. Pregnancy produces major alterations in neuroendocrine and immune function that are crucial in providing a favorable environment within the uterus and fetal compartment for growth, differentiation, maturation and conveying signals when the fetus is ready for extrauterine life. Glucocorticoid physiology (cortisol in humans) has received extensive and well placed consideration as a critical endocrine mediator of fetal programming, with an emphasis on not only hormone production but also maternal-fetal transfer mediated by the activity of the placental enzyme 11b-hydroxysteriod dehydrogenase [9 & ]. Less well recognized is the perhaps equally important role of the peptide corticotrophin-releasing hormone (CRH). In primates, but not other mammals, the placenta synthesizes and releases CRH in large amounts into the fetal and maternal circulations, with actions on central and multiple peripheral target systems in both compartments (reviewed in [4] ). With respect to the immune axis, a major endeavor of pregnancy-related alterations in immune function is to achieve and maintain the optimal balance between tolerating the fetal semi-allograft while not suppressing maternal immune responses to an extent that increases maternal or fetal susceptibility to infection. Thus, a generalized reduction of maternal immune responsiveness occurs during pregnancy, mediated by hormonal changes, trophoblast expression of key immunomodulatory molecules, and a progressive switch from a TH 1 /TH 2 balance to a predominantly T-helper 2-type pattern of cytokines [10] .
Studies by our research group and by others have shown that despite the large pregnancy-associated changes in maternal physiology, the system is responsive to maternal psychosocial states (such as high stress and low social support), that maternal psychophysiological stress responses are progressively attenuated with advancing gestation, and that after accounting for the effects of other established risk factors, the degree of attenuation is a significant predictor of shortened length of gestation and earlier delivery (reviewed in [4] ). Studies by other groups have reported that elevated psychosocial stress and depressive symptoms in pregnant women are associated with changes in immune and inflammatory markers (in-vivo and in-vitro evidence, summarized in [4] ). In addition to psychosocial stress, substantial in-vitro and in-vivo evidence indicates that maternal-placental-fetal endocrine and immune processes during pregnancy respond to a variety of other maternal and intrauterine perturbations, including biological effectors of stress, obstetric risk conditions such as preeclampsia, pregnancy-induced hypertension, gestational diabetes, infection, reduced uteroplacental blood flow, and behavioral factors such as the constituents of maternal diet, overnutrition and undernutrition, and smoking (reviewed in [1] ). Thus, based on these observations, it is apparent that measures of maternal-fetal endocrine and immune/inflammatory stress markers capture physiological responses to a wide range of intrauterine perturbations including but not limited to prenatal stress.
PRENATAL STRESS AND PROGRAMMING OF BODY COMPOSITION, METABOLIC FUNCTION, AND OBESITY RISK
At the individual level, obesity results when energy intake exceeds energy expenditure. However, there is wide variation among children or adults at identical levels of excess energy intake in their propensity to gain weight and accrue fat mass. This variation across individuals defines susceptibility for developing obesity/adiposity. Once an individual becomes obese it is difficult to lose weight, and even more difficult to sustain weight loss, because of the remarkable efficiency of energy balance homeostasis mechanisms [11] . For these reasons, it is important to gain a better understanding of the origins of individual differences in the susceptibility for weight and fat mass gain, in order to predict obesity risk and develop strategies for primary prevention.
In this section we review evidence from animal and human studies that adverse circumstances during pregnancy (physiological as well as psychological stressors, conceptualized here as 'prenatal stress') that have the potential to induce changes in maternal-placental-fetal stress biology are associated with a higher risk for overweight, obesity and metabolic dysfunction of the offspring (Tables 1  and 2 ). The increase in stress hormones and proinflammatory cytokines in the fetal compartment during sensitive or critical developmental windows can impact the structure and function of the brain and peripheral targets that are related to body composition, energy balance homeostasis, and metabolic function (i.e., adipose tissue, pancreas, and liver). As depicted in Table 1a and b, the induction of stress during pregnancy in an animal paradigm or the experience of severe psychological stress during pregnancy in humans is associated with a higher risk for obesity and metabolic dysfunction in the offspring. Several animal studies that induced stress in the pregnant female found that the offspring were heavier and exhibited greater adiposity (particularly when exposed to a high-caloric diet [ ] examined gene expression and DNA methylation profiles in response to exposure to a prenatal stress paradigm and reported that the increased susceptibility to obesity in prenatally stressed animals was related to transcriptomic and epigenetic changes in the hypothalamus, a brain region involved in the regulation of appetite and food intake.
To date, only a few human studies have examined the relationship between maternal psychosocial stress exposure during pregnancy and offspring obesity risk and metabolic function (summarized in Table 1b ). As a first step to addressing this question, we conducted a retrospective case-control study in a sample of healthy young adults born to mothers with healthy pregnancies and normal birth outcomes. One half of the study population of young adults was born to mothers who had experienced a major stressful life event during the index pregnancy (prenatal stress group), whereas the other half was a sociodemographically matched population with no history of maternal exposure to prenatal stress (comparison group). The potential effects of established obstetric, newborn, and childhood risk factors on adult health were controlled using a stringent set of exclusionary criteria. Our results indicated that the young adults exposed during intrauterine life to maternal psychosocial stress consistently exhibited significant dysregulation in key physiological parameters, thereby placing them at increased risk for developing complex common disorders (summarized in [3] ). Specifically in the context of programming of obesity and metabolic function individuals in the prenatal stress group exhibited higher BMI and percentage body fat, primary insulin resistance, and a lipid profile consistent with the metabolic syndrome [17] . The results of this retrospective study were recently confirmed in a larger epidemiological study that found an association between maternal bereavement from death of someone close during pregnancy and an increased risk of overweight and type 2 diabetes in the offspring in later childhood [19,20 && ]. Another study [21] reported that maternal depression during pregnancy was a significant predictor of obesity risk in early childhood among different racial/ethnic groups, and in yet another study [22] perceived maternal stress assessed either during pregnancy (in the majority of cases) or during the first 12 months of the child's life was related to higher risk of overweight in the infants. Flory et al. [18 && ] examined the offspring of Holocaust survivors and found that those adults whose mothers were exposed to the Holocaust had a higher risk for having two or more metabolic syndrome conditions (e.g., hypertension, dyslipidemia, type 2 diabetes, and overweight) compared to nonexposed individuals. In this study, maternal Holocaust exposure was not restricted to the period of pregnancy, supporting a life course perspective of the effects of maternal stress on offspring health outcomes. The life course perspective suggests that offspring birth and later health outcomes are the product of not only the 9 months of pregnancy, but of the entire life course of the mother from her own conception onward (or even before her own conception), and leading up to the index pregnancy [4] . Table 2a and b summarizes the available animal and human literature on the relationship between intrauterine exposure to stress-related endocrine and immune biomarkers and offspring obesity risk and metabolic function. Administration of glucocorticoids to the pregnant mother has been consistently shown to produce impaired glucose tolerance and hyperinsulinemia in the offspring across several independent studies [24, 25, 33] . Blood glucose levels are also elevated in the offspring if the mother is administered a 11b-hydroxysteroid dehydrogenase inhibitor during pregnancy, which protects the fetus from maternal glucocorticoid overexposure [34] . Exposure to maternal glucocorticoids are also reported to induce structural changes in the pancreas (reduced pancreatic b-cell number [25] ) and functional alterations in hepatic tissue (increased phosphoenolpyruvate carboxykinase expression [33] ) that may underlie the alterations in glycemic control observed in these animals. In addition, maternal exposure to proinflammatory cytokines and an immune challenge during pregnancy are associated with increased body weight, adipose tissue mass [23, 27] , elevated food intake, and increased circulating leptin levels [27] in the offspring.
In humans, placental CRH concentrations in pregnancy have been shown to significantly predict the rate of fetal growth and size at birth [32] , which, in turn, is a significant predictor of childhood and adult adiposity. Other studies have reported a positive association between CRH levels in pregnancy and increased central adiposity [30] , and alterations in adiponectin levels in 3-year-old children [29] . Yet others have reported a positive association between maternal levels of interleukin-6 in pregnancy and neonatal adiposity [31] . A study that followed up individuals whose mothers participated in a double-blinded, placebocontrolled and randomized trial of antenatal betamethasone administration found increased insulin resistance in the exposed compared to nonexposed adults [28] .
A recent study that used both in-vitro and in-vivo methodology supports a role for glucocorticoid exposure in adipogenesis [35 && ], a process that in humans occurs primarily during late fetal and early postnatal life. In this study, in-vitro exposure to glucocorticoids induced an increase in the differentiation of preadipocytes to adipocytes in a concentration-dependent manner. Moreover, rats implanted with corticosterone pellets exhibited more visceral adiposity [35 && ].
CONCLUSION
Based on the conceptual framework and empirical findings presented here we suggest it is important to consider the potential role of intrauterine stress and stress biology in arriving at a better understanding of the developmental programming of susceptibility for obesity risk and metabolic diseases. In the context of human research, opportunities are limited for experimental manipulations of prenatal stress and the intrauterine environment, and for access to many of the target tissues of interest, particularly in fetal life. Thus, to systematically study the effects of prenatal stress on offspring disease susceptibility and the underlying programming mechanisms, a multilevel approach is required that includes molecular and cellular studies, the use of appropriate animal models, and well designed human studies (see also [1, 3] for overviews of proposed research designs in this context). It is apparent that current approaches to the prevention and management of obesity and associated metabolic disorders have yielded only very limited success. It is therefore critical to adopt a developmental framework in order to arrive at a better understanding of the origins of individual differences in the propensity for weight and fat mass gain, and to develop and test hypotheses that set the stage for translational research to inform the subsequent development of primary intervention strategies before an individual becomes overweight or obese, or secondary interventions to increase the likelihood of a favorable and more sustained response to weight-loss strategies.
